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Abstract 

The repair of DNA double-strand breaks must be accurate to avoid genomic rearrangements that can lead to cell death and 
disease. This can be accomplished by promoting homologous recombination between correctly aligned sister 
chromosomes. Here, using a unique system for generating a site-specific DNA double-strand break in one copy of two 
replicating Escherichia coli sister chromosomes, we analyse the intermediates of sister-sister double-strand break repair. 
Using two-dimensional agarose gel electrophoresis, we show that when double-strand breaks are formed in the absence of 
RuvAB, 4-way DNA (Holliday) junctions are accumulated in a RecG-dependent manner, arguing against the long-standing 
view that the redundancy of RuvAB and RecG is in the resolution of Holliday junctions. Using pulsed-field gel 
electrophoresis, we explain the redundancy by showing that branch migration catalysed by RuvAB and RecG is required for 
stabilising the intermediates of repair as, when branch migration cannot take place, repair is aborted and DNA is lost at the 
break locus. We demonstrate that in the repair of correctly aligned sister chromosomes, an unstable early intermediate is 
stabilised by branch migration. This reliance on branch migration may have evolved to help promote recombination 
between correctly aligned sister chromosomes to prevent genomic rearrangements. 
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introduction 

Homologous recombination (HR) is a mechanism of DNA 
double-strand break repair (DSBR) that is conserved from bacteria 
to humans [1]. It involves resection of the broken DNA ends to 
generate single-stranded DNA overhangs, coated in a recombi- 
nase, which search the genome for homologous sequences and 
catalyse a reaction termed strand-invasion [2]. The product of 
strand-invasion is a joint molecule (JM), containing multiple DNA 
duplexes and frequently comprised of D-loops and HoUiday 
junctions (HJs), also referred to as 3-way and 4-way DNA 
junctions, respectively. From the JM, DNA synthesis is established 
to restore the genetic information lost as a result of the break. 
Once synthesis is complete, the JM is resolved to generate the 
recombinant products of repair. When strand-invasion occurs 
between DNA sequences that are not fully homologous, such as 
between regions of repetitive DNA located on the same or 
different chromosomes, gross chromosomal rearrangements can 
occur. In higher organisms, where repetitive sequences are known 
to make up a substantial proportion of the genome, gross 
chromosomal rearrangements are associated with cancer [3,4,5]. 
This suggests that mechanisms exist for ensuring the correct 
pairing of sister chromosomes during HR. 

In order to gain further insight into the mechanism of HR, it is 
necessary to be able to detect different intermediates of repair as 
they are formed in live cells. To achieve this, it is desirable to work 
with a system for generating a site-specific DNA double-strand 
break (DSB) that can be efficiently repaired by HR with an 
unbroken sister chromosome. Such a system was described in 2008 



in Escherichia coli [6]. This system uses an inducible hairpin 
endonuclease, SbcCD, to cleave a DNA hairpin that forms on the 
lagging-strand template following replication of a 246 bp inter- 
rupted palindrome that has been inserted into the chromosomal 
lacZ gene (Figure SI). Despite the fact that E. coli has a single 
origin of chromosomal DNA replication, this cleavage reaction 
generates a two-ended DSB at lacZ (Figure lA) implying that 
cleavage occurs post-rephcation [6]. We distinguish the two sides 
of the break as origin-proximal (OP) and origin-distal (OD), also 
labelled OP and OD in all relevant figures (Figure SI). The DSB 
was shown to be efTiciently repaired by RecBCD-mediated HR 
(Figure IB) [6]. 

In order to accumulate intermediates of repair generated by this 
system, it is necessary to prevent their resolution. In E. coli, the 
proteins RuvABC and RecG have been implicated in resolving 
intermediates of HR. lijs are branch migrated by RuvAB and 
resolved via cleavage mediated by RuvC [7,8,9,10]. Due to a 
strong synergistic effect of mutations in the ruv and recG genes in 
the efficiency of conjugational recombination, PI transduction and 
survival following exposure to ionizing radiation and ISceT 
mediated DSBs, a functional overlap of these proteins has been 
proposed, suggesting that RecG may also be implicated in 
resolving HJs [11,12]. Throughout this paper we use the term 
resolution in its general sense of converting a molecule containing 
HJs to one without (i.e. resolution can be by branch migration, 
DNA replication, or cleavage). In support of a role of RecG in 
resolution, in vitro experiments have shown that both RuvABC 
and RecG process the same synthetic DNA junctions [13,14]. 
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Author Summary 

Genetic recombination is critically important for the repair 
of DNA double-strand breaks and is the only repair 
mechanism available to the bacterium Escherichia coli. 
Repair requires that the appropriate location on an 
unbroken sister chromosome is recognised as a repair 
template, and this can be accomplished by a system that 
detects the presence of extensive DNA sequence Identity. 
We show here that the two known branch migration 
activities of the cell, RuvAB and RecG, provide alternative 
mechanisms for stabilising early recombination intermedi- 
ates. In their absence, broken DNA is extensively degraded 
at the site of the break consistent with abortion of 
recombination. It has previously been proposed that 
RuvABC and RecG can substitute for each other in the 
resolution of four-way Holliday junctions, whereas we 
show that they play a synergistic role in the formations of 
these junctions. Our results demonstrate that branch 
migration provides a mechanism capable of stabilising 
recombination intermediates when extensive DNA se- 
quence homology is available, a reaction that may 
contribute to ensuring that repair occurs at an appropriate 
location on a sister chromosome. 



Additionally, in vivo suppression of ruv mutations, by expression 
of the cryptic HJ resolvase RusA, also requires RecG [15]. 
Furthermore, the Mycobacterium tuberculosis RecG homologue, 
MtRecG, was shown to process similar branched DNA junctions 
in vitro [16]. 

However, it is important to note that many difierent roles for 
RecG have been proposed in the literature. Early work has shown 
that RecG antagonises RecA-mediated strand-exchange [17,18]. 
This was puzzling given that RecG promotes recombination and 
led to the proposal that RecG might facilitate RecA-mediated 
strand-exchange from a 3' invading substrate while antagonising 
strand-exchange from a 5' invading substrate [17,19]. In 
subsequent work, it has been argued that RecG catalyses 
replication fork reversal following UV irradiation [20] and 
prevents over-replication caused by replication fork collision, by 
converting 3' to 5' single-strand flaps [21,22,23,24]. Whether or 
not these proposed activities relate to the synergy oirecG and ruv 
mutations has not been clear, and the diverse consequences of a 
single recG mutation, as well as the ability of the purified protein to 
process many different substrates, have generated a complex 
picture of RecG's biological role. 

Using the palindrome-based system for inducing DSBR 
between sister chromosomes, we analyse the intermediates of 
repair accumulated in the absence of the ruv and recG genes to 
elucidate their function during DSBR and gain further insight into 
the precise mechanism of repair. We show that RuvABC is the 
main HJ branch migration and resolution complex in E. coli and 
that RecG is required for the formation of HJs, by converting 3- 
way DNA junctions (D-loops) to 4-way DNA junctions (HJs). We 
go on to show that in the absence of both RuvAB and RecG, DNA 
is lost at the breakpoint due to an inability of a ArjivAB ArecG 
mutant to catalyse branch migration. We conclude that branch 
migration, catalysed by either RuvAB or RecG, is essential for 
stabilising intermediates of DSBR by promoting the conversion of 
3-way DNA junctions into 4-way DNA junctions, a conclusion 
that can explain the synergistic behaviour of ruv and recG 
mutants. We propose that this mechanism for stabilising interme- 
diates favours DSBR reactions that occur between correctly 
aligned sister chromosomes, thus serving as a mechanism for 



ensuring correct pairing of sisters and, in turn, accurate repair of 
DSBs. 

Results 

RecG converts 3-way DNA junctions into 4-way DNA 
junctions 

ruv and recG mutants have been shown to be sensitive to DNA 
damage and this sensitivity is exacerbated in ruv recG double 
mutants [11,12]. In accordance with these studies, DNA damage 
induced by SbcCD-mediated cleavage of a palindrome caused a 
loss of viability in single AruvAB or ArecG mutants that was 
severely exacerbated in the double AruvAB ArecG mutant 
(Figure 2 and Figure S2). Presumably, the decrease in viability is 
a consequence of the accumulation of toxic DNA repair 
intermediates that would normally be processed by these proteins. 

To detect these hypothetical repair intermediates and determine 
their structures, constructs containing three repeats of the 
crossover hotspot instigator, Chi (x), were integrated 1.5 kb either 
side of the palindrome in order to enrich for recombination 
intermediates in close proximity of the DSB (Figure IC). 
Subsequently, DNA from strains containing these constructs was 
isolated, digested with restriction endonucleases, and separated by 
two-dimensional (2D) agarose gel electrophoresis; a useftol 
technique for distinguishing between 3-way DNA junctions and 
4-way DNA junctions (Figure 3A). Three fragments surrounding 
the DSB were detected using radioactive probes (Figure 3B). All 
membranes were exposed for the same amount of time and 
intermediates were quantified relative to linear DNA (Figure 3C 
and S3). As shown in Figures 3C^^, an increase in intermediates 
was detected in AruvAB, ArecG and AruvAB ArecG mutants 
specifically in conditions in which DSBs were induced (DSB^ 
relative to a very low background of spontaneous intermediates 
detected in the absence of induced breaks (DSB ) (Figure S3). A 
AruvAB mutant, accumulated a significant amount of 4-way 
junctions, presumably HJs, when DSBs were induced (Figure 3C'; 
red arrows and 3C™). This was not the case when DSBs were 
induced in either ArecG or AruvAB ArecG mutants (Figure 3C' 
and 3C'"). As 4-way junctions accumulated in a AruvAB mutant 
but not in a AruvAB ArecG mutant, this suggests that RecG 
cannot simply be required for the resolution of 4-way junctions 
and must be required for their formation; presumably by 
catalysing the conversion of 3-way to 4-way junctions, an activity 
that has been reported for RecG in vitro [19,20,25,26]. It is 
interesting to note that the analysis of the AruvAB mutant reveals 
the existence of preferred configurations of branched DNA, which 
are seen as spots on the 2D gels (Figure 3C'). The placement of 
these spots is reproducible suggesting that they reflect DNA 
structures that accumulate in preference to others. Further work is 
required to determine what these structures are and how they are 
formed. Spots on the 4-way junction spike may reflect asymmet- 
rically placed single HJs or double HJs and spots on the 3-way 
junction arcs may reflect positions of preferential single-strand 
invasion or pausing of DNA synthesis. However, these 3-way 
junction spots do not simply correlate with the expected positions 
of single-strand invasion predicted by the positions of Chi (j) sites. 
As 3-way junctions are expected to form early in the reaction via 
strand invasion, as well as later during re-synthesis of the broken 
DNA, further work is required to understand their provenance. 

The action of either RuvAB or RecG prevents loss of DNA 
at the breai<point 

2D agarose gel electrophoresis is only suitable for analysing 
small chromosomal fragments (2-7 Kb). In order to determine 
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Figure 1. Making and repairing a site-specific DNA double-strand brealc in the £ co/Zcliromosome. (A) SbcCD-mediated cleavage of a 
246 bp interrupted palindronne inserted into the chromosomal /acZ gene. During replication, the palindrome becomes transiently single-stranded on 
the lagging-strand template. This allows it to form a DNA hairpin that is cleaved by SbcCD, generating a two-ended DSB. OP and OD indicate origin- 
proximal and origin-distal sides of the break, respectively. The palindrome is highlighted by green arrows. (B) RecBCD-mediated HR. The ends of the 
break are processed by RecBCD to generate 3' ssDNA overhangs coated in RecA. RecA searches the genome for a homologous DNA sequence and 
catalyses strand-invasion. This forms a D-loop and HJs. The D-loop is acted upon by the replisome assembly factor, PriA, which initiates DNA 
synthesis. The HJs can be acted upon by RuvABC, branch-migrated and resolved. This generates two converging replication forks, which, upon 
convergence, terminate the repair process. (C) Map of the lacZ region of the £ coli chromosome illustrating the position and sequence of two 3x x 
arrays that have been inserted 1.5 Kb either side of the palindrome in order to stimulate recombination in close proximity of the DSB. The 8 bp % 
recognition sequence, highlighted in red, is repeated three times. OP and OD indicate origin-proximal and origin-distal sides of the break, 
respectively. Pal represents the position of the palindrome. 
doi:1 0.1 371/journal.pgen.1 004485.g001 



whether intermediates of repair could be located across larger 
regions of the chromosome, pulsed-field gel electrophoresis 
(PFGE) was used as it allows the separation of big fragments of 
DNA. Additionally, branched DNA does not run into a pulsed- 
field gel (PFG), but remains trapped in the wells, and this allows it 
to be separated from its linear counterpart [27]. Plugs containing 
chromosomal DNA were digested to release three fragments 
surrounding the DSB (yagV, lacZ, and arafj (Figure 4A). The total 
amount of DNA detected in these fragments (the sum of the signal 
from the gel and the well) was normalised to a control fragment, of 
a similar size, located on the opposite side of the chromosome 
{cysN) to account for differences in loading between samples. 
Additionally, the proportion of DNA that was retained in the wells 
of the gels was also measured as this DNA included the branched 
intermediates of repair (Figure 4B-E). In conditions of no DSBs 
(lanes 1, 2 and 3 for each probe), little DNA, of all the fragments 
probed, was retained in the wells (Figure 4B-E). A similar result 
was obtained when DSBs were induced in a recombination 



proficient strain (Figure 4B; lane 4 for each probe). Upon inducing 
DSBs in a AruvAB mutant, a large proportion of the lacZ 
fragment, containing the DSB, was detected in the well of the gel 
whereas little of the yagV and araf fragments appeared to contain 
branched DNA (Figure 4C). In a ArecG mutant, DSB induction 
resulted in a small amount of branched DNA in all three 
fragments (Figure 4D). Unexpectedly, analysis of the DNA 
extracted from a AruvAB ArecG double mutant showed that 
when DSBs were induced, a significant amount of the DNA at the 
breakpoint (lacZ fragment) was lost (Figure 4E). It should be noted 
here that this result explained the low yield of DNA in the 2D gel 
analysis of the AruvAB Ar*cG double mutant. The reader should 
be aware that the DNA species obtained from the AruvAB ArecG 
mutant visualised using 2D gel electrophoresis (Figure 3), repre- 
sent the minority of molecules recovered when DSBs were induced 
in that background. 

The lacZ probe lies between the palindrome and the OP 1.5 Kb 
3x X array, in a region of DNA predicted to be degraded 



PLOS Genetics | www.plosgenetics.org 



3 



August 2014 | Volume 10 | Issue 8 | e1004485 



Branch Migration Prevents DNA Loss during Double-Strand Breal< Repair 



• 



Glucose 



Arabinose 



Pal 



Pal 



B 



Pal 
Arabinose 



Rec"^ 
ArecA 
AruvAB 
ArecG 
AruvAB ArecG 


— 


• .••#<^^'.-. 


Rec"^ 






ArecA 






AruvAB 






ArecG 






AruvAB ArecG 


' 






"*"30 


^60 



Rec^ 
ArecA 
AruvAB 

ArecG 
AruvAB ArecG 






H 







Figure 2. Viability of strains containing tlie palindrome, grown in 0.2% arabinose. (A) Chronic exposure to DSBs. Serial dilutions of strains 
were spotted on LB-agar plates supplemented with either 0.2% arabinose or 0.5% glucose and incubated overnight at 37°C. (B) Acute exposure to 
DSBs. Serial dilutions of strains containing the palindrome and grown in 0.2% arabinose for either 0, 30, 60, or 90 minutes were spotted on LB-agar 
plates supplemented with 0.5% glucose and incubated overnight at 37°C. Strains used; Rec* Pal* (DL2006), Rec* Pal" (DL2573), ArecA Pat (DL2075), 
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ArecG Pal" (DL4465). 
doi:l 0.1 371/journal.pgen.1 004485.g002 



pre-RecBCD-mediated loading of RecA and strand-invasion. 
Therefore, loss of DNA in this region may suggest an inability 
of this mutant to initiate DNA synthesis associated with repair. 
However, a significant loss of DNA was also detected in the OD 
araf fragment, which lies beyond the OD 1.5 Kb 3x % array. This 
profile suggests that the loss of DNA observed may not be due to 
an inability to re-establish DNA synthesis, but due to an inability 
to form repair intermediates close to the DSB. 

Interestingly, in the OP yagV fragment, there was no loss of 
DNA but a dramatic accumulation of branched DNA. 2D 
agarosi; gel electrophoresis confirmed this accumulation of 
intermediates but revealed that there was still no bias towards 
the accumulation of either 3-way or 4-way DNA junctions when 
DSBs were induced, as was seen with the same mutant in the 
DNA remaining at the locus of the breakpoint (Figure 3C and 
Figure 5). 

Branch migration is required for preventing loss of DNA 
at the DSB 

A AruvAB ArecG mutant, shown to lose DNA at the site of a 
DSB, is both unable to branch migrate and resolve HJs. In order 

to determine which of these activities is required to prevent the loss 
of DNA observed, a AruvAB ArecG mutant was compared to a 
AruvC ArecG mutant. A AruvC ArecG mutant still retains RuvAB 
and should therefore be able to catalyse branch migration. 
However, RuvAB cannot resolve HJs in the absence of RuvC, so 
HJs should remain unresolved in this background. The ability of 
RuvAB to catalyse branch migration in the absence of RuvC was 
confirmed by PFGE (Figure 6). A significant amount of branched 



DNA was accumulated in the wells of the PFGs in AruvAB and 
AruvC mutants (Figure 6C), consistent with the hypothesis that 
FIJs are only resolved when all components of the RuvABC 
complex are present. However, the branched DNA accumulated 
in a AruvAB mutant was located within the lacZ fragment 
containing the DSB, while in a AruvC mutant, branched DNA 
was detected in all three fragments surrounding the break. This is 
indicative of RuvAB-mediated branch migration being active in 
the absence of RuvC. 

Once this was verified, PFGE was used to check whether a 
AruvC ArecG mutant lost DNA in response to DSBs and to 
compare this to DNA loss in a AruvAB ArecG strain (Figure 7). In 
order to detect DNA located OP of the DSB and beyond the point 
of initial RecBCD-mediated loading of RecA and strand-invasion, 
a new probe, codB, that binds 8.5 Kb OP to the 3x % array, was 
designed (Figure 7A). Between the breakpoint and the codB probe, 
as well as the 1.5 Kb 3x x array, there is an endogenous % site 
located 5 Kb from the breakpoint, in the cynX gene. Assuming a 
20%-35% probability of % site recognition, these four % sites 
should be responsible for between 59% and 82% of strand- 
invasion events [28,29,30]. As shown in Figure 7, DNA hybrid- 
ising to the codB probe was lost in a AruvAB ArecG mutant when 
DSBs were induced, consistent with the hypothesis that interme- 
diates of repair are not stable in this background. Interestingly, this 
loss did not occur in a AruvC ArecG mutant. These results imply 
that the loss of DNA observed in a AruvAB ArecG mutant is due 
to an inability to branch migrate intermediates of repair, rather 
than an inability to resolve HJs, and this results in the 
destabUisation of repair intermediates. 
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doi:1 0.1 371 /journal.pgen.1 004485.g003 



Discussion 

RecG is required to convert 3-way to 4-way DNA 
junctions during DSB repair 

Due to a synergistic effect of mutations in the ruv and recG 
genes, it had originally been argued that these proteins may 
provide alternative pathways for resolving HJs. We have 
corroborated the observation that mutations in both ruvAB and 
recG result in enhanced sensitivity to DSBs compared to the 
respective single mutations when DSBs are induced by SbcCD- 
mediated cleavage of a palindrome (Figure 2 and Figure S2). 



However, analysis by 2D agarose gel electrophoresis of the DNA 
at the DSB has confirmed that this enhanced sensitivity was not 
accompanied by an accumulation of HJs (4-way DNA junctions) 
(Figure 3C). This result argues against the view that RuvABC and 
RecG are simply redundant because they provide alternative 
pathways to resolve HJs. 4-way DNA junctions were indeed 
accumulated close to the DSB in a AruvAB mutant, consistent 
with a role of RuvAB in processing HJs (Figure 3C). However, 
these 4-way junctions were not accumulated in proximity to the 
DSB in a AruvAB ArecG mutant, arguing that RecG is required 
for their formation. 
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Figure 4. Intermediates of DSBR by PFG. (A) Map of the chromosome showing the three Sail fragments around the DSB. The coordinates of the 
restriction sites are shown in blue. The palindrome is shown as a green triangle and the 1 .5 kb 3x % arrays are shown as red lines. The relative position 
of probes are represented by small black rectangles. OP and OD indicate origin-proximal and origin-distal sides of the break, respectively. (B-E) PFGs 
for Rec*(DL4184 and DL4201), AwvAB (DL4243 and DL4257), ArecG (DL4311 and DL4312) and AruvAB ArecG (DL4260 and DL4313) strains, 
respectively. Quantifications are represented as mean ± SEM where n = 3. For each probe. Lane 1 contains DNA isolated from a strain not containing 
the palindrome, grown for 60 minutes in arabinose (paP SbcCD* Tgo). Lane 2 contains DNA from a strain containing the palindrome, grown for 60 
minutes in glucose (pal* SbcCD" Tgo). Lane 3 contains DNA from a strain containing the palindrome, prior to the addition of either glucose or 
arabinose (pal* SbcCD" To). Lane 4 contains DNA from a strain containing the palindrome, grown for 60 minutes in arabinose (pal* SbcCD* Tgo). 
'Branched' indicates signal from the well, 'linear" indicates signal from the gel. Quantifications are represented as mean ± SEM where n = 3. Statistical 
analysis was carried out using a paired T-test. * represents p<0.05, ** represents p<0.01 and *** represents p<0.005. 
dor:l 0.1 371 /journal.pgen.1 004485.g004 



RuvAB and RecG provide alternative pathways for 
stabilising internnediates of repair 

The use of PFGE for studying intermediates of DSBR revealed 
why 4-way DNA junctions were not accumulated close to the DSB 
in a ArM?7^fi ArecG mutant. In the absence of both RuvAB and 
RecG, DNA was lost at the site of the DSB. This was accompanied 
by an accumulation of branched DNA over 30 Kb away from the 
breakpoint (Figure 4 and 5). For the DNA in the lacZ locus to be 
lost, and for intermediates of repair to be present in the yagV 
fragment, the OP DNA end must be processed, by RecBCD, from 
the lacZ fragment to the yagV fragment. This is surprising as 
RecBCD will encounter eight endogenous % sites (as well as the 
OP 3x X array) in the region of the chromosome between the DSB 
and the yagV fragment and should induce RecA-mediated strand- 
invasion as a result [31]. This suggests that in a AruvAB ArecG 
mutant background, the products of RecA-mediated strand- 
invasion are not stable, which allows RecBCD to process a region 
of the chromosome that would not be processed in a wild type 
context. 

X sequences around the E. coli chromosome are distributed 
asymmetrically to limit DNA end processing by RecBCD on the 
OP side of a DSB [32]. The a.symmetry detected for OP 
accumulation of branched DNA and OD loss of DNA in a 
AruvAB ArecG mutant reflects this asymmetry of endogenous % 
sequences, strengthening the hypothesis that the degradation is 
mediated by RecBCD. There are eight endogenous x sites 
between the break and the OP yagV fragment that itself contains 
two X sites and only one endogenous X site between the break and 
the OD araj fragment that contains no % sites. We conclude that 
in a AruvAB ArecG mutant the products of strand-invasion are 
transient and non-productive for repair due to an inability to 
branch-migrate 3-way junctions and form 4-way junctions. This 
leads to the disruption of the 3-way junctions and the formation of 
a new DNA end for RecBCD to process. When the next x site is 
recognised, a new event of strand-invasion is initiated, which is 
once again disrupted by a lack of branch migration activity. Over 
time, the broken chromosome is degraded. 

We propose that in ruvABC* recG^ cells, when sister 
chromosomes are correctly aligned, branch migration is facihtated 
and this stabilises intermediates of repair by promoting the 
formation of 4-way DNA junctions. This favours the accurate 
repair of DSBs. This interpretation is supported by the observation 
that the frequency of ectopic recombination is increased in recG 
mutant strains in a chromosomal direct repeat deletion assay 
[33,34,35] and in recombination between chromosomal and 
plasmid homologies [36]. In the direct repeat assay, this is the case 
unless the repHcative hehcase is compromised [33,35]. 

Implications for the proposed role of RecG in resolving 
HJs 

The redundancy we observe in the stabilisation of JMs can 
explain the synergistic defect caused by ruv and recG mutations 



and this no longer necessitates the previously proposed redundan- 
cy in HJ resolution. However, redundancy at this stage cannot be 
excluded. Furthermore, if RuvABC and RecG do not provide 
alternative pathways for the resolution of HJs, such pathways must 
nevertheless exist otherwise 7~ecG and ruv mutations would be 
epistatic. This has led us to consider again the evidence that recG 
and ruv provide two pathways for HJ resolution. The strongest 
evidence in favour of this hypothesis is the observation that 
suppressors of the UV sensitivity of ruv mutations cause activation 
of the crsptic HJ resolvase, RusA, and this suppression requires 
Rei:G [15]. The simplest interpretation of this result is that the 
branch migration activity of RecG translocates HJs to positions 
where they are cleaved by RusA. However, RusA is not expressed 
in the absence of the activating mutation, rus, and no HJ 
resolvases other than RusA and RuvC have been discovered in E. 
coli [37]. Furthermore the requirement for recG in the suppression 
oiruv by rus can now simply be explained by the destabilisation of 
JMs that we observe in a recG ruvAB double mutant. If JMs are 
not formed, then they cannot be resolved by RusA. 

This leaves the question of whether there exists a pathway to 
resolve HJs that is an alternative to cleavage by RuvABC. The 
genetics argue that this is so. Ruv mutants are only modestly 
recombination defe(;:tive but 7~ecG ruv double mutants are as 
defective as recA. This is synergy, not epistasis, arguing that the 
presence of RuvABC or RecG can provide alternative ways of 
successfully catalysing recombination. If synergy is explained by 
redundancy of RuvAB and RecG at the stage ofJM formation and 
RuvABC provides a way to resolve HJs then there must also be a 
way to resolve HJs in the absence of RuvABC. W^hat is this route? 
The observation that HJ resolution in the absence of RuvABC 
leads to substantial yields of chromosome dimers [11,27] 
demonstrates clearly that this pathway can generate crossover 
products and excludes models such as double HJ dissolution by 
branch migration that would produce only non-crossovers. It has 
been suggested that new rounds of DNA replication initiated at the 
chromosomal origin can sometimes pass through HJs and generate 
the resolved chromosomes [27]. To explain the synergy ot recG 
and ruv, given the assumption that the activities were redundant 
for HJ resolution, it was suggested that RecG might facilitate this 
reaction. However, the results presented here open up the 
possibility that the replication forks that manage to pass through 
HJs may do so without the help of RecG. 

It is clear from our work that HJs accumulate in a ruvAB 
mutant, implying that they persist long enough to be detected and 
the data shown in Figure 6 argue that JMs are not resolved before 
they can be branch migrated by RuvAB. These data are not well 
explained by an immediate role of RecG in HJ resolution but are 
compatible with a delay of resolution in the absence of RuvABC as 
predicted if resolution is mediated by the next round of DNA 
replication initiated at the chromosomal origin. 

Many functions have been proposed for RecG, including the 
resolution of HoUiday junctions [11,12], replication fork reversal 
following UV irradiation [20], conversion of 3' flaps to 5' flaps in 



PLOS Genetics | www.plosgenetlcs.org 



7 



August 2014 I Volume 10 | Issue 8 | e1004485 



Branch Migration Prevents DNA Loss during Double-Strand Break Repair 



A 

OP I III frj \ I 

/ \ 23.7 Kb 36.4 Kb 




DSB' DSB"^ 

C 

Quantity of Intermediates ■4-way ■3-way 




DSB - + - + 

Figure 5. 2D agarose gel electrophoresis 30 Kb upstream of the 
DSB. (A) Sail map of the region surrounding the DSB showing the 
location of the 4.1 kb ykgK fragment analysed by 2D agarose gel 
electrophoresis. Coordinates for the Sail restriction fragments detected 
in previous experiments are given in blue. Coordinates for the BspDI 
restriction fragment detected by 2D agarose gel electrophoresis are 
given in purple and the ykgK probe is shown as a black rectangle. The 
location of the palindrome is shown as a green triangle. The 1 .5 kb 3x i 
arrays are marked by red lines. OP and OD indicate origin-proximal and 
origin-distal sides of the break, respectively. (B) 2D agarose gel of 
hruvAB ArecG mutants containing (DSB*), or not (DSB"), the 
palindrome and grown in the presence of 0.2% arabinose for 60 
minutes. Strains used were DL4260 (lacZv.pal) and DL4313 (/acZ*). (C) 
Quantification (represented as mean ± SEM where n = 3) of interme- 
diates accumulated in the strain containing the palindrome (DSB*), 
relative to the strain not containing the palindrome (DSB") and the 
percentage of 4-way DNA junctions and 3-way DNA junctions 
accumulated in each strain. 
doi:1 0.1 371 /journal.pgen.1 004485.g005 



the termination of replication [21,22,23,24], destabilisation of 
RecA promoted strand exchange [17,18] and stabilisation RecA- 
promoted strand exchange [17,19]. Our results clearly demon- 
strate the importance of the role of RecG, as an alternative to 
RuvAB, in stabilising RecA-promoted strand exchange in DSBR. 



Mechanisms for stabilising intermediates and promoting 
accurate repair of DSBs 

Many models for the repair of DNA DSBs have been proposed 
over the years and these are reviewed in detail by Paques and Haber 
[38]. Some of the models predict the formation of 4-way DNA 
junctions, from 3-way DNA junctions, and some do not. Most 
models for the repair of two-ended DSBs in Saccharomyces cerevisiae 
implicate invasion of one DNA end followed by DNA synthesis that 
uncovers a region of homology to induce an event known as second- 
end capture. This can be processed to generate a double HJ 
intermediate that has been detected in vivo in meiotic and mitotic 
cells [39,40], an intermediate that may be resolved by branch 
migration or HJ cleavage (Figure 8 - HJ resolution). Alternatively, 
the invading strands can be ejected and re-annealed, prior to the 
completion of the double-HJ structure, in a reaction known as 
synthesis-dependent stand-annealing (Figure 8B - SDSA), a mech- 
anism that has the advantage of not generating crossover outcomes. 
If strand-invasion were to occur at short regions of homology, such as 
repetitive elements, rather than at correcdy aUgiied sister chromatids 
or homologous chromosomes, second-end capture may be dis- 
favoured. If it does occur, and resection proceeds beyond the region 
of homology, resolution by SDSA would minimise genome 
instability by ensuring non-crossover outcomes [41]. In S. cerevisiae, 
during the repair of a two-ended DSB in which second-end capture 
is prevented, the invading end can be repaired by break-induced 
replication (BIR) (see [42] for a recent review). BIR has been shown 
to involve multiple rounds of strand-invasion in the initial phase of 
the reaction, consistent with repair-intermediate instability [43]. 
Furthermore, BIR is mutagenic consistent with a D-loop migration 
mechanism in which short-lived mismatches are not corrected but, 
instead, are copied in a conservative mode of DNA replication 
[44,45,46] (Figure 8C). These observations suggest that second-end 
capture plays an important role in promoting accurate repair of two- 
ended DSBs. Indeed, second-end capture prevents BIR and 
promotes gene conversion through the operation of a recombination 
execution checkpoint (REG) that senses the proximity and orienta- 
tion of the two recombining ends before DNA synthesis is initiated. 
When such ends are sensed, as is the case with a two-ended DSB, 
accurate repair is ensured and the outcome is directed towards gene 
conversion [47]. 

In contrast to DSBR in eukaryotes, in E. coli, DSBR involves 
extensive DNA degradation followed by the re-establishment of 
replication forks via the PriA-DnaB pathway of replisome loading 
[2,48,49]. This is understood to result in the formation of 
converging replication forks that restore the DNA between the 
two recombining ends (Figure IB). Within this model of DSBR, 
the stabilisation of intermediates by second-end capture should not 
be possible. We suggest that branch migration is an alternative to 
second-end capture for stabilising an intermediate that can be then 
converted to a 4-way DNA junction. 

The stabilisation of recombination intermediates by branch 
migration, which we have observed, is expected to work equally 
well for two-ended and one-ended DSBs. On the other hand, the 
stabilisation of intermediates determined in some way by second- 
end capture, by defmition, cannot operate at one-ended DSBs. 
These types of DSBs do arise endogenously from replication forks 
that run into replication fork barriers, single-stranded DNA nicks 
or gaps, and from cleavage of reversed forks, and are thought to be 
the most common type of break encountered by all cells 
[50,51,52]. As second-end capture cannot be implicated as a 
mechanism for stabilising the intermediates generated from the 
repair of one-ended DSBs, this raises the intriguing question of how 
they can be stabilised in eukaryotic cells. The repair of one-ended 
sister chromatid breaks is distinguished from inter-chromatid BIR 
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Figure 6. Detection of brancKi migration using PFGE. (A) Map of the chromosome showing the three Sail fragments around the DSB. The 
coordinates of the restriction sites are shown in blue. The palindrome is shown as a green triangle and the 1 .5 kb 3x x arrays are shown as red lines. 
The relative position of probes are represented by small black rectangles. OP and OD indicate origin-proximal and origin-distal sides of the break, 
respectively. (B) Gel of branched DNA retained in the wells of PFGs from DNA isolated from AruvC (DL4913 and DL4914) mutants. Samples were run 
as in Figure 3. (C) Quantifications (represented as mean ± SEM where n = 3) of branched DNA retained in the wells of PFGs from DNA isolated from 
AruvAB (DL4243 and DL4257) mutants (gel shown in Figure 3C) and AruvC mutants (gel shown in panel B). Statistical analysis was carried out using a 
paired T-test. * represents p<0.05, ** represents p<0.01. 
doi:1 0.1 371 /journal.pgen.1 004485.g006 



by the requirement of Rad51, Rad52, Rad54 and Rad59 [53] but 
little is known about the pathway of repair including how early 
intermediates are stabilised. One possibility is that some one-ended 
breaks await the formation of a second end produced by the firing of 
a replication origin situated on the other side of the causative lesion 
(i.e. a two-ended break is generated from the sum of two one-ended 
breaks occurring one on each side of the same inducing lesion (such 
as a persistent single-strand gap)). The mechanism discovered here 
presents a solution adopted by E. coli that is expected to work 
equally well at one-ended and two-ended breaks. 

Repair of a DSB by HR with a sister chromosome has evolved 
to be accurate, despite the fact that genomes contain regions of 
repetitive sequence that could act as substrates for incorrect 
pairing. Here we show that the E. coli proteins RuvAB and RecG 
do not simply provide alternative pathways for the resolution of 
HJs, as previously suggested, but play redundant roles in stabilising 
recombination intermediates between sister chromosomes. 

Materials and Methods 

Strains 

All strains used are listed in the supporting information. See 
Table S 1 for a list of strains. Table S2 for plasmids used in the 



construction of the strains, Table S3 for oligonucleotides used in 
the construction of the plasmids and protocols SI and S2 for 
methods used in the construction of the strains and plasmids. 

Induction of DSBs and isolation of chromosomal DNA in 
agarose plugs 

Overnight cultures grown in 5 ml L-broth were diluted to an 
optical density (ODgoonm) of 0.02 and grow at 37°C with agitation 
to an ODeoonm of 0.2. The FsAD-sbcDC construct was induced by 
adding 0.2% arabinose. liFBAosbcDC was to be repressed as well 
as induced, the culture (ODsoonm of 0.2) was split in two and either 
0.5% glucose or 0.2% arabinose was added. Cultures were put 
back at 37°C to grow for 60 minutes. Cells were harvested at 4°C 
and washed 2X in TEN buffer (50 mM Tris, 50 mM EDTA, 
100 mM NaCl, pH 8.0). CeUs were re-suspended in TEN buffer 
to an ODgoonm of 80 (for 2D agarose gel electrophoresis) or an 
ODfioonm of 4 (for PFGE) and mixed with an equal volume of 
0.8% (for 2D agarose gel electrophoresis) or 2% (for PFGE) low 
melting point agarose (Invitrogen) prepared in TEN buffer 
equilibrated to 50°C. The agarose/ceU mix was poured into plug 
moulds (BioRad) and allowed to set. Plugs were treated in NDS 
solution (0.5 M EDTA, 10 mM Tris, 0.55 M NaOH, 36.8 mM 
lauroyl sarcosine; pH 8.0) supplemented with 1 mg/ml of 
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proteinase K (Roche) and put at 37°C overnight. Fresh NDS + 
proteinase K was added for a second overnight and pkigs were 
stored at 4°C in fresh NDS. To digest, a plug was waslied in IX 
restriction buffer for 6 hours, replacing the buffer every hour. The 
plug was placed in fresh IX restriction buffer, supplemented with 
the restriction enzyme and incubated at 37°C overnight with 
rocking. 

2D agarose gel electrophoresis 

A plug digested with a restriction enzyme was run in the first 
dimension in IX TBE (89 mM Tris-borate, 2 mM EDTA) on a 
0.4% (w/v) agarose gel and run at 1 V/ cm for 26 hours at 4°C. The 
lane was sliced out, rotated 90°, and set in the second dimension 
agarose (1% in IX TBE supplemented with 0.3 |ag/ml ethidium 
bromide). The second dimension was run at 6 V/ cm for 1 0 hours at 
4°C. The DNA was transferred to a positively charged nylon 
membrane by Southern blotting and cross-linked using UV-light. 



PFGE 

A plug digested with a restriction enzyme was run on a 1 % ultra 
high gel strength agarose (AquaPor) prepared in 0.5X TBE and 
run on a CHEF-DR II PFGE (BioRad) at 6 V/cm for 10 hours at 
4°C. Switch time was set to 5-30 seconds with an inclusion angle 
of 120°. The DNA was transferred to a positively charged nylon 
membrane by Southern blotting and cross-linked using UV-light. 

Radioactive detection of DNA 

DNA was detected using '"P ot-dATP incorporated (using 
Stratagene Prime-It II random primer labelling kit) into a PGR 
fragment. Probes were hybridised to membranes overnight at 
65°G in 10 ml of Ghurch-Gilbert buffer (7% SDS, 0.5 M 
NaH2P04, 1 mM EDTA, 1% BSA). Membranes were washed 
at 60°G in 2X SSG (IX SSG: 0.15 M NaGl, 0.015 M Na-citrate), 
supplemented with 0.1% SDS, for 1 5 minutes and then 0.5X SSG, 
supplemented with 0.1% SDS, for 30 minutes. Labelled 
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Figure 8. Models of DSBR. (A) Stabilising DSBR intermediates by branch migration. In £ coli, following extensive DNA degradation by RecBCD, a 
resected 3' end invades a sister chromosome to establish a D-loop in a reaction catalysed by RecA protein. This is stabilised via branch migration 
catalysed by RuvAB or RecG to form a Holliday junction that can be resolved to generate a replication fork. Only one end is shown here, but a two- 
ended reaction can occur as shown in Figure 1. In the absence of branch migration (in a AruvAB ArecG mutant) the products of RecA-mediated 
strand-invasion (3-way D-loops) are unstable and non-proficient for repair. This results in extrusion of the invading end from the unbroken 
chromosome to re-generate a broken end. This end is processed by RecBCD and a second round of strand-invasion is initiated. The whole process is 
repeated. Over time the broken chromosome is degraded. (B) Stabilising DSBR intermediates by second-end capture. In the canonical eukaryotic 
DSBR pathway for the repair of a two-ended DSB, one of two 3' ssDNA ends invades an intact DNA duplex, at a region of homology, to generate a 3- 
way DNA junction (D-loop). DNA synthesis is then primed off the 3' DNA end and this leads to the extension of the D-loop, which eventually uncovers 
enough homology to allow second-end capture. This generates a stable dHJ intermediate, which is then resolved to generate the recombinant 
products of repair. Alternatively, the 3' invading DNA strand is extended allowing second-end capture and then both invading strands are ejected 
and re-anneal in a reaction know as Synthesis Dependant Strand Annealing (SDSA). (C) Unstable DSBR intermediates for the repair of a one-ended 
DSB by BIR (by D-loop migration) in eukaryotic cells. The 3' ssDNA ends invades an intact DNA duplex, at a region of homology, to generate a 3-way 
DNA junction (D-loop). DNA synthesis is primed off the 3' end. As synthesis proceeds, the unstable D-loop migrates with the replication fork, resulting 
in the extrusion of the newly synthesised strand and conservative DNA replication. Template switching may occur. The reaction ends when the D- 
loop either reaches the end of a chromosomes or converges with an oncoming replication fork. 
doi:1 0.1 371/journal.pgen.1 004485.g008 



membranes were exposed to GE healthcare storage phosphor 
screens and scanned using a Molecular Dynamics Storm 860 
phosphor imager scanner. Images were quantified using GE 
healthcare ImageQuant TL. See Table S3 for the oligonucleotides 
used in the generation of the probes. 

Supporting Information 

Figure SI Map of the E. coli chromosome. The origin of 
replication (oriC) is marked in red while the terminus {difj is 



marked in blue. The relative position oilacZ is marked by a black 
arrow and the palindrome is highlighted in green. The origin- 
proximal (OP) and origin-distal (OD) sides of the palindrome are 
labelled accordingly. 
(TIF) 

Figure S2 Effect of an SbcCD-mediated DSB on the growth 
rate of recombination deficient strains. Growth curves (represent- 
ed as mean ± SEM where n = 3) of strains with or without the 
palindrome (Pal^ and Pal , respectively), grown for 300 minutes in 
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conditions that either induce the expression oi ahcDC (arabinose) 
or repress it (glucose). Strains used; Rec"^ Pal^ (DL2006), Rec"^ 
Pal" (DL2573), KrecA Pal"" pL2075), krecA Pal" pL2605), 
KruvAB Pal"" (DL2801), ^ruvAB Pal" (DL2800), ArecG Pal"" 
(DL2511), ArecG Pal" (DL2610), ^mvAB hjecG Par (DL4464), 
t^ruvAB KrecG Pal" (DL4465). 
(TIF) 

Figure S3 2D agarose gel electrophoresis of DSB" condition. 
(A) Map of the chromosome showing the three Sail fragments 
around the DSB. The coordinates of the restriction sites are shown 
in black. The palindrome is shown as a green triangle and the 

I. 5 kb 3x X arrays are shown as red arrows. Endogenous % sites 
are shown as black arrows. The relative position of probes are 
represented by black rectangles. OP and OD indicate origin- 
proximal and origin-distal sides of the break, respectively. (B) 
Control 2D gels of strains not containing the palindrome, grown in 
the presence of 0.2% arabinose for 60 minutes. (DSB"" blots are 
shown in Figure 3C). Strains used; Rec^ (DL4201), AruvAB 
(DL4257), ArecG (DL4312), and AruvAB KrecG pL4313). 
(TIF) 

Table SI Table of £. coli strains. 
(DOCX) 

References 

1. Cromie GA, Connelly JC, Leach DR (2001) Recombination at double-strand 
breaks and DNA ends: conserved mechanisms from phage to humans. Mol Cell 
8: 1163-1174. 

2. Kowalczykowski SC, Dixon DA, Egglcston AK. Lauder SD, Rchraticr WM 
(1994) Bioclicmistry of homologous rccomloinatifii: in I'^ncIii ridiia coH. .Microbiol 
Rev 58: 401-465. 

3. Jones MJ, Jallepalh PV (2012) Chromotliripsis: chromosomes in c risis. Dev Cell 
23: 908-917. 

4. Stankicwicz P, Lupski JR (2002) Genome arclritecturc, rearrangements and 
genomic disorders. Trends Genet 18: 74-82. 

5. Brown TA (2002). Genomes. 2nd edition. Oxford: Wiley-Liss. 

6. Eykclcnboom JK, Blackwood JK, Okely E, Leach DR (2008) SbcCD causes a 
double-strand break at a DNA palindrome in the Escherichia coH chromosome. 
.\Iol Cell 29: 644-651. 

7. Parsons C.\, Stasiak .A, Bennett RJ, W'est SC (1995) Structure of a multisubunit 
complex that promotes DNA brairclr migration. Nature 374: 375-378. 

8. Dunderdale HJ, Benson FE, Parsons CA, Sharpies GJ, Uoyd RG, et al. (1991) 
Formation and resolution of recombination intermediates by E. coli RecA and 
RuvG proteins. Nature 354: 506-510. 

9. RaffertyJB, Sedehiikova SE, Hargreaves D, Artymiuk PJ, Baker PJ, et al. (1996) 
Crystal structure of DNA recombination protein RuvA and a model for its 
binding to the HoUiday junction. Science 274: 415-421. 

10. Hargreaves D, Rice DW, Sedelnikova SE, Artymiuk PJ, Lloyd RG, et al. (1998) 
Crystal structure of E.eoli RuvA with bound DNA HoUiday junction at 6 A 
resolution. Nat Struct Biol 5: 441^46. 

II. Meddows TR, Savory AP, Lloyd RG (2004) RecG helicase promotes DNA 
double-strand break repair. Mol Microbiol 52: 1 19-132. 

12. Lloyd RG (1991) Conjugational recombination in resolvase-deficient ruvC 
mutants of Escherichia coli K-12 depends on recG. J Bacteriol 173: 5414—5418. 

13. Lloyd RG, Sharpies GJ (1993) Dissociation of synthetic HoUidav junctions by E. 
coli' RecG protein. EMBO J 12: 17-22. 

14. Lloyd RG, Sharpies GJ (1993) Processing of recombination intermediates by the 
RecG and RuvAB proteins of Escherichia coli. Nucleic Acids Res 21: 1719— 
1725. 

15. Mandal TN, Mahdi AA, Sharpies GJ, Lloyd RG (1993) Resolution of HoUiday 
intermediates in recombination and DNA repair: indirect suppression of ruvA, 
ruvB, and ruvC mutations. J Bacteriol 175: 4325-4334. 

16. Thakur RS, Basavaraju S, Somyajit K, Jain A, Subramanya S, et al. (2013) 
Evidence for the role of Mycobacterium tuberculosis RecG helicase in DNA 
repair and recombination. FEBS J 280: 1841-1860. 

17. Whitby MG, Lloyd RG (1995) Branclr migration of three-strand recombination 
intermediates by RecG, a possible pathway for securing exchanges initiated by 
3'-tailed duplex DNA. EMBO J 14: 3302-3310. 

18. Whitby MC, Ryder L, Uoyd RG (1993) Reverse branch migration of HoUiday 
junctions by RecG protein: a new mechanism for resolution of intermediates in 
recombination and DNA repair. CeU 75: 341-350. 

19. McGlynn P, Lloyd RG (1999) RecG helicase activity at three- and four-strand 
DNA structures. Nucleic Acids Res 27: 3049-3056. 

20. McClynn P, Lloyd RG (2000) Modulation of RNA polymerase by (p)ppGpp 
reveals a RecG-dependent mechanism for repUcation fork progression. CeU 101: 
35-^5. 



Table S2 Table of plasmids. 

(DOCX) 

Table S3 Table of primers. 
(DOCX) 

Protocol SI Construction of strains. 

(DOCX) 

Protocol S2 Construction of pDL4137 and pDL4138. 
(DOCX) 

Acknowledgments 

We wish to thank Svetlana Makovets for stimulating discussions, Martin 
White and Elise Darmon for critical reviewing of the manuscript, John 
Blackwood, Ian Duggin, and Stephen Bell for the provision of the 2D 
agarose gel electrophoresis method, Maxime De Henin for preliminary 
research and Ewa Okely for the pDL2731 strain. 

Author Contributions 

Conceived and designed the experiments: JSPM DRFL. Performed the 
cxpcriiiiciits: JSPM. Analyzed the data: JSPM DRFL. Contributed 
reagents/materials/analysis tools: DRFL. Wrote the paper; JSPM DRFL. 



2 1 . Rudolph CJ, Mahdi AA, Upton AL, Uoyd RG (20 1 0) RecG protein and single- 
strand DNA exonucleases avoid ceU lethality associated with PriA helicase 
activity in Escherichia coK. Genetics 186: 473-492. 

22. Rudolph CJ, Upton AL, Harris L, Uoyd RG (2009) Padiological repUcation in 

ceUs lacking RecG DNA translocase. Mol Microbiol 73: 352-366. 

23. Rudolph C], Upton AL, Lloyd RG (2009) Replication fork collisions cause 
patlrological chromosomal amplification in cells lacking RecG DNA translocase. 
Mol Microbiol 74: 940-955. 

24. Rudolph CJ, Upton AL, Stockum A, Nieduszynski CA, Uoyd RG (2013) 
AvoicUng chromosome pathology when replication forks coUide. Nature 500: 
608-611. 

25. Al-Deib AA, Mahdi AA, Uoyd RG (1996) Modulation of recombination and 
DNA repair by the RecG and PriA heUcases of Escherichia coU K-12. 
J Bacteriol 178: 6782-6789. 

26. McGlynn P, Uoyd RG (2001) Rescue of staUed replication forks by RecG: 
simultaneous translocation on the leading and lagging strand templates supports 
an active DNA unwinding model of fork reversal and HoUiday junction 
formation. Proe Nad ,\cad Sei U S .A. 98: 8227-8234. 

27. Wardrope L, Okely E, Leach D (2009) Resolution of joint molecules by 
RuvABC and RecG following cleavage of the Escherichia coli chromosome by 
EcoKI. PloS one 4: e6542. 

28. Dixon DA, Kowalczykowski SC (1993) The recombination hotspot chi is a 
regulatory sequence that acts by attenuating the nuclease activity of the E. coU 
RecBCD enzyme. CeU 73: 87-96. 

29. Spies M, Amitani I, Baskin RJ, Kowalczykowski SC (2007) RecBCD enzyme 
switches lead motor subunits in response to chi recognition. Cell 131: 694-705. 

30. Taylor AF, Smith GR (1992) RecBCD enzyme is altered upon cutting DX.A at a 
chi recombination hotspot. Proe Natl .\ead Sei U S .\ 89: 5226 5230. 

31. Pontieelli AS, Sehukz DW, Taylor ,A.F, Smith GR (198.5) Chi-dependent DN,\ 
strand cleavage bv RecBC enzyme. Cell 41: 145—151. 

32. Blattncr FR, Plunkett G, 3rd, Bloch CA, Perna NT, Burland V, et al. (1997) The 
complete genome sequence of Escherichia coU K-12. Science 277: 1453—1462. 

33. Lovett ST (2006) Replication arrest-stimulated recombination: Dependence on 
the RecA paralog, RadA/Sms and translesion polymerase, DinB. DNA repair 5: 
1421-1427. 

34. Lovett ST, Drapkin PT, Sutera VA, Jr., Gluckman-Pcskind TJ (1993) A sister- 
strand exchange mechanism for recA-independent deletion of repeated DNA 
sequences in Escherichia coli. Genetics 135: 631-642. 

35. Saveson CJ, Lovett ST (1999) Tandem repeat recombination induced by 
replication fork defects in Eseherielria coli requires a novel factor, RadC. 
Genetics 152: 5-13. 

36. Grove JI, Harris L, Buckman C, Uoyd RG (2008) DNA double strand break 
repair and crossing over mediated by RuvABC resolvase and RecG translocase. 
DNA repair 7: 1517-1530. 

37. Zhang J, Mahdi AA, Briggs GS, Uoyd RG (2010) Promoting and avoiding 
recombination: contrasting activities of the Escherichia coU RuvABC HoUiday 
junction resolvase and RecG DNA translocase. Genetics 185: 23-37. 

38. Pac^ues F\ Haber JE (1999) Multiple pathways of recombination induced by 
double-strand breaks in Saccharomyces cerevisiae. Microbiol Mol Biol Rev 63: 
349-404, 



PLOS Genetics | www.plosgenetics.org 



12 



August 2014 I Volume 10 | Issue 8 | e1004485 



Branch Migration Prevents DNA Loss during Double-Strand Break Repair 



39. Schwacha A, KIcckncr N (1995) Identification of double HoUiday junctions as 
intermediates in meiotic recombination. Cell 83: 783—791. 

40. Bzymek M, Thayer NH, Oh SD, Kleckner N, Hunter N (20 10) Double Holliday 
junctions are intermediates of DNA break repair. Nature 464: 937-941. 

41. Prado F, Aguilera A (2003) Control of cross-over by single-strand DNA 
resection. Trends Genet 19: 428-431. 

42. Anand RP, Lovctt ST, Haber JE (2013) Break-induced DNA replication. Cold 
Spring Harbor perspectives in biology 5: a010397. 

43. Smith CE, Llorentc B, Symin^gton LS (2007) Template switching during lircak- 
induced replication. Nature 447: 102-105. 

44. Donnianni RA, Symington LS (2013) Break-induced replication occurs by 
conservative DNA synthesis. Proc Natl Acad Sci U S A 1 10: 13475-13480. 

45. Deem A, Keszthelyi A, Blackgrove T, Vayl A, Coffey B, et al. (2011) Break- 
induced replication is highly inaccurate. PLoS biology 9: el 000594. 

46. Saini N, Ramakri.shnan S, Elango R, Ayyar S, Zhang Y, et al. (2013) Migrating 
bubble during break-induced replication drives conser\'ative DNA synthesis. 
Nature 502: 389-392. 

47. Jain S, Sugawara N, Lydeard J, Vaze M, Tanguy Le Gac N, et al. (2009) A 
recombination execution checkpoint regulates the choice of homologous 



recombination pathway during DNA double-strand break repair. Genes Dev 
23: 291-303. 

48. Marians KJ (2000) PriA-directed repHcation fork restart in Escherichia coli. 
Trends Biochem Sci 25: 185-189. 

49. Gabbai CB, Marians KJ (2010) Recruitment to stalled repHcation forks of the 
PriA DNA helicase and replisome-loading activities is essential for survival. DNA 

repair 9: 202-209. 

50. Vilenchik MJM, Knudson A(j ;2003i Endogenous DNA double-strand breaks: 
production, fidelity of repair, and induction oi' cancer. Proc Natl Acad 
Sci USA 100: 12871-1287G. 

51. Michel B, Boubakri H, Baharoglu Z, LcMasson M, Lestmi R (2007) 
Recombination proteins and rescue of arrested repHcation forks. DNA repEiir 
6: 967-980. 

52. Pommier Y, Redon C, Rao VA, Seiler JA, Sordet O, et al. (2003) Repair of and 
checkpoint response to topoisomerase I-mediated DNA damage. Mutat Res 532: 
173-203. 

53. Cortes-Ledesma E, 'Eou.s C, Aguilera A (2007; Uiliereni gcnelic requirements for 
repair of replication-born double-strand breaks by sister-chromatid recombina- 
tion and break-induced replication. Nucleic Acids Res 35: 6560-6570. 



PLOS Genetics | www.plosgenetics.org 



13 



August 2014 I Volume 10 | Issue 8 | e1004485 



